In the Spring of 1974 the commercial w i r e . b u s i n e s s had reached a low ebb and continued supply by multiple s o u r c e s was n o t e n c o u r a g i n g . F e m i l a b , t h e n j u s t s t a r t i n g on i t s Energy Doubler program, was'faced with t h e p r o b l e m o f m a i n t a i n i n g , m u l t i p l e s o u r c e s o f s u p p l y as well as a number of t e c h n i c a l p r o b l e m s i n o b t a i n i n g t h e h i g h c r i t i c a l c u r r e n t d e n s i t i e s r e q u i r e d f o r t h e dipole magnets.
as well as a number of t e c h n i c a l p r o b l e m s i n o b t a i n i n g t h e h i g h c r i t i c a l c u r r e n t d e n s i t i e s r e q u i r e d f o r t h e dipole magnets.
To alleviate these problenis i t was d e c i d e d t o embark on a m u l t i f a c e t e d p r o g r a m t o p r o y i d e a u s a b l e h i g h p r o d u c t i o n method of f a b r i c a t i n g m u l t if i l a m e n t c o m p o s i t e s u p e r c o n d u c t o r . w i s h e d t o e x p l o r e several o t h e r t e c h n i c a l i n n o v a t i o n s . F i r s t we wished t o d e t e r m i n e t h e e f f e c t on production o f t h e p r i o r p r o c e s s i n g o f t h e
NbTi rod. Furnace cooled and gas quenched.NbTi rod was used for comparis o n . S e c o n d l y , i n o t h e r p r o j e c t s we were.having d i f f i c u l t y w i t h T i d e p l e t i o n b y d i f f u s i o n f r o m t h e a l l o y m a t r i x . T h e r e f o r e a Nb d i f f u s i o n b a r r i e r w a s used i n one of t h e test b i l l e t s . T h i r d l y , i n a n e f f o r t t o u l t i m a t e l y r e d u c e a c l o s s e s i n o u r f i n i s h e d magnets we p l a t e d some of the copper with' N i . so t h a t d i f f u s i o n l a y e r s o f cupronickel would b e formed during subsequent p r o c e s s i n g .
F i n a l l y , i n o r d e r t o a v o i d some o f ' the u p s e t i n t h e c r o s s s e c t i o n p a t t e r n of t h e rod d u r i n g e x t r u s i o n , t h e u s e of bonded, preformed copper and a l l o y h e x e s was t r i e d i n t h e p l a c e o f i n d i v i d u a l h e x o i d c o p p e r t u b e s a n d a l l o y r o d s .
W e w i l l discuss each of these programs below.
B e s i d e s o b t a i n i n g a usable production method w e
PROCESSING Design
Basic d e s i g n f e a t u r e s of t h e s u p e r c o n d u c t o r manuf a c t u r e d i n t h i s p r o g r a m a r e as follows:
I. 8 in. diam e x t r u s i o n b i l l e t s i z e .
2. 3000 filaments (nominal) of Nb46.STi 3 . Cu t o superconductor (S.C.) ratio of 4 . F i n a l s i z e wire of .0375 in. and/or io25 in.
2 : 1 (nominal) diam w i t h twist of 2 / i n .
The m a j o r f e a t u r e s o f b i l l e t s A, B, C and D are
The n i c k e l p l a t i n g i n b i l l e t s A and C i s intended shown i n Table I. t o serve as a b a r r i e r t o e d d y c u r r e n t s w h i c h i n c r e a s e l o s s c a p a c i t y i n m u l t i f i l a m e n t a r y s u p e r c o n d u c t o r s , p a r t i c u l a r l y i n ac o r ramped a p p l i c a t i o n s . The use of p u r e n i c k e l I n t h e f o r m o f p l a t i n g i s u n u s u a l f o r t h i s a p p l i c a t i o n ; s t a n d a r d i n d u s t r y p r a c t i c e is t o u t i l i z e a c u p r o n i c k e l alloy c l a d d i n g to form a h i g h r e s i s t a n c e + O p e r a t e d b y U n i v e r s i t i e s Research A s s o c i a t i o n , I n c .
u n d e r c o n t r a c t with t h e U n i t e d S t a t e s E n e r g y R e s e a r c h and Development A d m i n i s t r a t i o n l I P r e s e n t a d d r e s s : P r i n c e t o n U n i v e r s i t y , P l a s m a P h y s i c s L a b o r a t o r y , P r i n c e t o n , N . J . 08540.
'Teledyne Wah Chang Albany, P. 0. Box 460 Albany, Oregon 97321 of C u e x t r u s i o n can was p l a t e d w i t h n i c k e l . 1) t h e t i t a n i u m loss i n t h e s u p e r c o n d u c t o r may a l t e r i t s e l e c t r i c a l p r o p e r t i e s , and 2 ) t h e g o a l of h i g h r e s i s t i v i t y r a t i o Cu a d j a c e n t t o t h e s u p e r c o n d u c t o r f i l a m e n t s i s compromised. most o f t e n c o n s i s t s o f b u i l d i n g a n a r r a y f r o m t h r e e basic components: 1) s t r a i g h t l e n g t h s of h e x a g o n a l o . d . , round i.d.
Cu t u b e s , 2) s t r a i g h t l e p g t h s o f s o l i d , p u r e Cu r o d f o r p a t t e r n a n d / o r f i l l e r , and 3 ) s t r a i g h t lengths of round superconductor wire ( o r r o d ) . When assembling components 1) and 3 ) , a gap of several thousandths of an inch i s r e q u i r e d b e t w e e n e a c h w i r e a n d t h e , C u t u b e i . d . t o p e r m i t i n s e r t i o n o f . t h e wire. T h i s r e s u l t s i n a s i g n i f i c a n t amount of v o i d s p a c e i n t h e , s t a c k e d b i l l e t , a n d t i g h t s t r a i g h t n e s s r e q u i r e m e n t s f o r b o t h wire and tubing.
The v o i d s p a c e f r a c t i o n becomes g r e a t e r as t h e number of f i l a m e n t s i s i n c r e a s e d ; f o r a b i l l e t of roughly 3000 f i l a m e n t s , the v o i d f r a c t i o p w o u l d n o r m a l l y b e t o o g r e a t f o r r e l i a b l e e x t r u s i o n . round Cu t u b i n g was sunk t i g h t l y o n t o Nb46.5Ti wire by drawing through a hexagonal d i e . This e l i m i n a t e s t h e above mentioned clearance gap and produces a hexagonal shape which can b e t i g h t l y p a c k e d . S t r a i g h t e n e d l e n g t h s of hexagonal CuINb46.5Ti and hexagonal pure Cu f i l l e r rod are s t a c k e d t o g e t h e r t o c o m p l e t e t h e a r r a y . I n t h i s p r o g r a m a n a l t e r n a t i v e t e c h n i q u e w a s used:
INPUT MATERIALS Copper
Alloy 101 CDA copper tubing of the following dimensions and quantity w a s purchased from Small Tube Products, Inc., Altoona, Pennsylvania: .170 in. 0.d.
X 10 f t l e n g t h s ; 3 8 , 5 0 0 f t t o t a l . The copper tubes were examined f o r c l e a n l i n e s s a t Teledyne Wah Chang Albany (TWCA) by drawing lint-free, s o f t c l o t h p a d s t h r o u g h them. The pads emerged from t h e t u b e w i t h d a r k r e s i d u e o f a v e r y t h i n l a y e r of copper corrosion film. Sectioned fubes, however, disp l a y e d a . b r i g h t a n d s h i n y s u r f a c e v i s u a l l y .
It was decided to perform a c l e a n l i n e s s test p e r s p e c i f i c a t i o n ASTM B280-74 w h i c h w o u l d i n s u r e i . d . c l e a n l i n e s s o f t h e Cu t u b i n g . TWCA and Small Tube P r o d u c t s , Inc. both p e r f o r m e d t h e w a s h i n g o f t h e i n s i d e 05 r e p r e s e n t a t i v e t u b e s a m p l e s w i t h t r i c h l o r o e t h y l e n e o r c a r b o n t e t r ac h l o r i d e as d e s c r i b e d i n ASTM B280-74.
Each sample t e s t e d h a d e i t h e r no d e t e c t a b l e r e s i d u e o r a l e v e l of r e s i d u e less t h a n h a l f t h e s p e c i f i e d maximum of 0.038 g/m2. Small Tube P r o d u c t s , I n c . , p o i n t e d o u t t h a t a d d i t i o n a l c l e a n i n g of Cu t u b i n g o r d e r e d i n s h o r t l e n g t h s ( i . e . , a b o u t 2 f t ) i s n o r m a l l y r e q u i r e d d u e t o t h e f i n a l s a w i n g o p e r a t i o n a t t h e i r p l a n t w h i c h u t i l i z e s a s p r a y c o o l a n t o f w a t e r s o l u b l e o i l .
However, s i n c e o u r t u b i n g was o r d e r e d i n 10 f t l e n g t h s , t h e n e e d f o r a d d i t i o n a l c l e a n i n g would not be expected.
program were provided by Fermilab. These components a r e made f r o m c e r t i f i e d CDA a l l o y 1 0 1 c o p p e r m a t e r i a l s .
The 8 i n . d i a m e x t r u s i o n c a n s a n d l i d s u s e d i n t h e Nickel A s p r e v i o u s l y d i s c u s s e d , b i l l e t C was s t a c k e d w i t h copper clad Nb46.5Ti filaments which were plated with n i c k e l , S e l e c t i o n of t h e t y p e o f n i c k e l p l a t e was based on c h e m i c a l p u r i t y , v i s u a l u n i f o r m i t y a n d a d h e s i o n , and microhardness.
The f o l l o w i n g t y p e s o f n i c k e l p l a t i n g b a t h s w e r e c o n s i d e r e d : d u l l Watts (warm b a t h ) , Watts (room t e m p e r a t u r e ) , s t a n d a r d s u l f a m a t e , a n d low s t r e s s s u l f a m a t e .
The m i c r o h a r d n e s s d a t a i n T a b l e I1 show the primary reason why low stress n i c k e l s u l f a m a t e p l a t i n g vas chosen:
TABLE I1 Hardness of V a r i o u s N i c k e l P l a t i n g s DPB Hardness Type of N i P l a t i n g 50 Gram Load
Low s t r e s s s u l f a m a t e 1 9 1 S t a n d a r d s u l f a m a t e 247 Watts (room temperature) 335 d u l l Watts (warm b a t h ) 225
Visual examination of the roughly 3100 Cu/Nb46.5Ti f i l a m e n t s p l a t e d w i t h low s t r e s s n i c k e l s u l f a m a t e i n d i c a t e d good p l a t i n g u n i f o r m i t y . M e t a l l o g r a p h y p e rformed on two random samples from t h e p r a d u c t i a n run showed a p l a t i n g t h i c k n e s s of .0005-.0008 i n . (max).
Two Cu e x t r u s i o n c a n s w e r e p l a t e d on t h e i n s i d e w i t h n i c k e l .
A d u l l Watts n i c k e l b a t h w a s chosen because of i t s p u r i t y a n d s i m p l i c i t y o f a p p l i c a t i o n f o r t h e p a r t : c o n f i g u r a t i o n i n v o l v e d .
The b a t h w a s warmed t o a b o u t 1 3 0°F a n d p o u r e d i n t o a n a c i d c l e a n e d e x t r u s i o n can. A n i c k e l a n o d e was s u s p e n d e d i n t o t h e b a t h a n d a v o l t a g e of 6 v o l t s , 35 amps, a p p l i e d for 30 minutes.
Micrometer readingsshowed that an average of .0015 i n . N i p l a t i n g was a p p l i e d p e r s u r f a c e .
Nb46.5Ti
The b a s i c s u p e r c o n d u c t o r u n i t i n t h i s d e s i g n i s
.084 i n . diam Nb46.5Ti w i r e i n t h e vacuum annealed ( r e c r y s t a l l i z e d ) c o n d i t i o n .
Material from TWCA h e a t
o r . P r o p e r t i e s of t h i s h e a t w e r e m o n i t o r e d c l o s e l y d u r i n g p r o c e s s i n g a t TWCA f r o m i n g o t t o . 0 8 4 i n . w i r e . A t 6 i n . diam and 1.6 in. diam, metallographic tests were perfqrmed following beta anneal and water quench t o s t u d y DPH m i c r o -h a r d n e s s , g r a i n s i z e , a n d p e r c e n t r e c r y s t a l l i z a t i o n .
A t 112 i n . diam t h e Nb46.5Ti rod h a s f u l l y c e r t i f i e d t o t h e F e r m i l a b s p e c i f i c a t i o n i n t h e vacuum a n n e a l e -R.T. % RA (avg of
4) 80%
-P e r c e n t R e c r y s t a l l i z a t i o n 100%
-ASTM Grain Size 8.5-9 Six hundred pounds of the 1,697 pound y i e l d of h e a t 590531 a t 1 1 2 i n . d i m w e r e s t a r t e d down t o .084 i n . diam wire f o r s t a c k i n g ( a p p r o x i m a t e l y 
pounds o f t h i s 112 i n . diam Nb46.5Ti rod was c l a d w i t h n i o b i u m f o r b i l l e t B ) . Rods c o r r e s p o n d i n g t o t h e m i d d l e o n e -t h i r d of t h e i n g o t w e r e s e l e c t e d . a t t h e s t a c k i n g d i

Then a p o r t i o n of t h e w i r e (160 pounds) was gas quenched a t Vac-Hyd P r o c e s s i n g C o r p . , T o r r a n c e , C a l i f o r n i a , f o r b i l l e t s A and D. The p r o c e s s was:
1 h r . a t 1475"F/He gas quench.
Time t o c o o l from 1475OF t o 500°F -about 4 minutes.
T e n s i l e t e s t s a t room temperature and metallog-
raphy tests were performed to compare the .084 in.
diam Nb46.5Ti i n t h e g a s quenched and furnace cooled con i t i o n s . The t e n s i l e r e s u l t
s showed t h a t t h e gas q u e n c h e d r o d s h a d h i g h e r e l o n g a t i o n a n d r e d u c t i o n i n a r e a when compared t o t h e f u r n a c e c o o l e d r o d s . T h i s a g r e e s w i t h o t h e r w o r k .
Hexagonal Cu/S.C. Lengths 
e n g t h s i n t h e d r y c o n d i t i o n p r o v e d t o b e d i f f i c u l t . Even i n s e r t i n g r e l a t i v e l y s t r a i g h t
Nb c l a d Nb46.5Ti l e n g t h s , w h i c h r e t a i n e d a bow from being vacuum a n n e a l e d i n l o o s e c o i l s , w i t h a c a r e f u l l y f i l e d ' h o s e " r e q u i r e d much e f f o r t and time.
A s a r e s u l t , a s t a i nf r e e l i q u i d s o l v e n t w a s used as a " l u b r i c a n t " d u r i n g l o a d i n g .
e l e c t r i c powered, chain driven drawbench a t t h e i n t e rm e d i a t e s p e e d , 1 8 f t / m i n .
The .120 i n . f l a t -t o -f l a t h e x d i e was p o s i t i o n e d i n s i d e a s t e e l d i e b o x f i l l e d w i t h l u b r i c a n t .
About 1/16 in. thick rubber diaphrams were used on e i t h e r e n d o f t h e d i e b o x t o a l l o w p a s s a g e of t h e m a t e r i a l t h r o u g h t h e b o x w h i l e r e t a i n i n g t h e lubricant:. A s drawn, the hex composite length was about 205 i n . , 4 i n . of t h a t b e i n g t h e swaged "point". Pointi n g w a s performed on a s t a n d a r d two d i e swage t o a t y p i c a l d i a m e t e r of .118 in. The f i n i s h e d h e x r o d s w e r e sawed t o t h e r e q u i r e d l e n g t h , a n d d e b u r r e d .
I n s e r t i n g t h e c o i l e d w i r e i n t o t h e 1 0 f t Cu tube
Drawing of t h e t u b e a s s e m b l i e s was performed on an i n . d i a m e x t r u d e d r o d p r o d u c t . P r e h e a t i n g time f o r e a c h
b i l l e t was 50 minutes or less, u s i n g a n i n d u c t i o n c o i l f u r n a c e . P r e h e a t t e m p e r a t u r e s f o r b i l l e t s A, B, C , and D were as follows: 1110"F, 1220DF, lllO°F, 990'F ( r e s p e c t i v e l y ) . W a t e r , q u e n c h i n g o f e a c h b i l l e t w a s performed i n a movable 25 f t l o n g t a n k p l a c e d j u s t beyond t h e r u n o u t t a b l e of t h e e x t r u s i o n p r e s s .
The p r o d u c t o f e x t r u s i o n b i l l e t C c o n t a i n e d " b u b b l e s " a l o n g t h e l e n g t h .
To e x a m i n e t h e s e s u r f a c e p r o t u s i o n s , b i l l e t C ' w a s c u t i n t o t w o p i e c e s .
The C-1 p i e c e t o w a r d t h e n o s e was 12 f t 4 in l o n g a n d t h e C-2 p i e c e t o w a r d t h e t a i l w a s 5 f t 7 . 5 i n . l o n g . A n a l y s i s o f t h e b u b b l e s i n d i c a t e d t h e y were disbonded regions b e t w e e n t h e n i c k e l p l a t e d c a n a n d t h e a r r a y w h i c h w a s a l s o n i c k e l p l a t e d . , P o s s i b l e e x p l a n a t . i o n s f o r t h i s c o n d i t i o n are: 1 ) t h e l p w e r p a c k i n g d e n s i t y of b i l l e t C,compared t o t h e o t h e r s , 2 ) o u t g a s s i n g f r o m t h e N i p l a t i n g o r f r o m N i s a l t s formed during acid cleaning, o r 3 ) a combination df the above.
The ends of each extruded rod were p r e p a r e d t o v i e w t h e k e y i n g e l e m e n t s . I n a l l c a s e s , no p e r c e i v a b l e t w i s t i n g o r r e l a t i v e movement of t h e k e y s was observed f r o m n o s e t o t a i l .
Rod Drawing (2.25 i n . Diam t o .335 i n . Diam)
The extruded rods were shipped to Phelps-Dodge, E l i z a b e t h , New J e r s e y , f o r f u r t h e r p r o c e s s i n g .
A 15% r e d u c t i o n s c h e d u l e was u s e d f r o m t h e s t a r t i n g d i a m e t e r of 2.25 i n . diam nominal t o 0.335 i n . diam.
S t r a i
g h t e n i n g was performed on small, hand operated r o l l s t r a i g h t e n e r s . Each s t r a i g h t e n e r h a s t h r e e sets o
f p l a s t i c r o l l s machined t o f i t t h e .120 i n . f l a t -t of l a t h e x s h a p e .
The s t r a i g h t e n e r f r a m e is made of s t e e l and has adjusting screws which move a set of r o l l s up and down, a l l o w i n g t h e p r o p e r o f f s e t t o b e d e t e r m i n e d and maintained.
E x t r u s i o n B i l l e t Assembly
Assembly of t h e f o u r e x t r u s i o n b i l l e t s w a s p e r f o r m e d by Magnetic Corporation of America who was used later a s a d r a w i n g s o u r c e . S t a n d a r d i n d u s t r y p r o c e d u r e s f o r c l e a n i n g a n d s t a c k i n g worked well u s i n g t h e h e x a g o n a l Cu/SC composite lengths. Experiments showed t h a t t h e Cu/Nb46.5Ti wire i n t e r f a c e on the hexagonal composites is t i g h t . No l i q u i d s e e p a g e o c c u r s b e t w e e n t h e Cu and t h e wire d u r i n g c l e a n i n g . It w a s ' d e c i d e d t o g i v e e a c h b i l l e t a unique ident i t y b y r e p l a c i n g s e v e r a l Cu/NbTi h e x e l e m e n t s w i t h p u r e Cu hex elements to form a small p a t t e r n . The p u r e Cu k e y s a r e p o s i t i o n e d n e a r t h e o u t s i d e o f t h e f i l a m e n t a r r a y v e r y c l o s e t o t h e i n n e r s u r f a c e of t h e e x t r u s i o n can, as shown i n F i g . 1. Cleaning experiments were conducted on N i p l a t e d f i l a m e n t s a n d a N i p l a t e d c a n c r o p p i n g p r i o r t o f i n a l c l e a n i n g of these components for stacking. Aproposed c l e a n e r f o r N i (HzS04-H20) d i d n o t r e m o v e f i n g e r p r i n t s o r o i l y smudges; whereas, a s h o r t t i m e (20-30 seconds) i n t h e n o r m a l c o p p e r c l e a n e r (H2S04-HN03-H20) removed s u c h s u r f a c e m a r k i n g s w i t h o u t a n y a p p a r e n t p i t t i n g problems. A s l i g h t l y m o t t l e d s u r f a c e a p p e a r a n c e was observed on the can cropping sample, but a s o l v e n t wipe with a c l e a n c l o t h showed t h e n i c k e l t o b e c l e a n , w i t h n o r e s i d u e p r e s e n t .
It was d e c i d e d t o u s e a s h o r t d u r a t i o n a c i d c o p p e r c l e a n i n g p r o c e d u r e f o r t h e n i c k e l p l a t e d components.
With t h e r e a r l i d of t h e p a c k e d e x t r u s i o n c a n i n p l a c e , e a c h a s s e m b l e d b i l l e t w a s p l a c e d i n a n e l e c t r o n beam welding chamber which w a s t h e n e v a c u a t e d .
A t y p i c a l c y c l e i n c l u a e s k e e p i n g t h e c o m p o s i t e b i l l e t i n vacuum o v e r n i g h t t o remove g a s e s i n s i d e a n d t h e n e l e c t r o n beam w e l d i n g t h e r e a r l i d i n ' p l a c e . As a r e s u l t , some w i r e was completed w i t h a f i n a l d i a m e t e r o f . 0 3 7 5 i n . a n d some with .025 in., depending on contractual agreement with the three v e n d o r s -i n v o l v e d . S t a r t i n g w i t h . 3 3 5 i n . d i a m m a t e r i a l , t h e d r a w i n g v e n d o r s p r o c e s s e d t h i s m a t e r i a l t o f i n a l ' ' s i z e o n t h e i r n o r m a l p r o d u c t i o n e q u i p m e n t , u s i n g p r oc e d u r e s c o n s i d e r e d as s t a n d a r d w i t h i n t h e i r r e s p e c t i v e f a c i l i t i e s .
A i r c o , I n t e r m a g n e t i c s G e n e r a l C o r p . , a n d MCA p a r t i c i p a t e d i n t h i s p a r t of the program as well as i n t h e t h e r m a l p r o c e s s i n g b e l o w . I V . THERMAL PROCESSING T h r e e b a s i c s c h e d u l e s o f wire drawing and heat t r e a t i n g were used. Two p a r t i c i p a n t s u s e d a scheme T i a l l o y s . A l l methods used quick up to 3OO0C and down a n n e a l s ' t o s o f t e n t h e c o p p e r d u r i n g t h e r e d u c t i o n s c h e d u l e .
v. RESULTS
I n e x a m i n i n g t h e v a r i o u s s c h e d u l e s o f wire drawing a n d h e a t t r e a t i n g , t h e C r i t c h l o w t y p e of 'schedule prov i d e d t h e h i g h e s t a n d m o s t u n i f o r m ' d a t a f r o m b i l l e t t o b i l l e t . It c o n s i s t s of a l o n g a n n e a l . a t 40O+2O0C a t a c o l d work p o i n t g i v i n g a b o u t 99% r e d u c t i o n i n a r e a f r o m t h e e x t r u s T o n ' s i 2 e . S e v e r a l q u i c k c o p p e r a n n e a l s a t 300°C may b e i n t e r s p e r s e d t o a i d i n f a b r i c a t i o n . A f i n a l a n n e a l a t f i n i s h e d s i z e b o t h p e a k s up t h e r e s i st i v i t y r a t i o o f t h e c o p p e r ' a s w e l l as t h e c r i t i c a l
